Coronary artery aneurysm is a rare disorder, which occurs in 0.3%-4.9% of patients undergoing coronary angiography. Atherosclerosis accounts for >90% of coronary artery aneurysms in adults, whereas Kawasaki disease is responsible for most cases in children. Recently, with the advent of implantation of drug-eluting stents, there are increasing reports suggesting stents causing coronary aneurysms, months or years after the procedure. The pathophysiology of coronary artery aneurysm is not completely understood but is thought to be similar to that for aneurysms of larger vessels, with the destruction of arterial media, thinning of the arterial wall, increased wall stress, and progressive dilatation of the coronary artery segment. Coronary angiography remains the gold standard tool, providing information about the size, shape, and location and is also useful for planning the strategy of surgical resection. The natural history and prognosis remain unclear. Despite the important anatomical abnormality of the coronary artery, the treatment options of coronary artery aneuryms are still poorly defined and present a therapeutic challenge. We describe four cases, which were managed differently followed by a review of the current literature and propose some treatment strategies.
INTRODUCTION
C oronary artery aneurysm (CAA) is an uncommon condition and is defined as dilatation of the coronary artery exceeding 50% of the reference vessel diameter. [1] CAAs are termed giant if their diameter transcends the reference vessel diameter by greater than four times or if they are >8 mm in diameter. [2] It occurs in about 0.3%-4.9% of patients undergoing coronary angiography [1] and are reportedly present in 1.4% of postmortem examinations. [1] CAAs are found in the epicardial coronary arteries, most frequently in the proximal and middle segments of the right coronary artery (RCA) (68%), followed by the proximal left anterior descending (LAD) (60%) and left circumflex (LCx) (50%). CAA of the left main stem (LMS) is exceedingly rare and occurs in only 0.1% of the population. [1, 3] Dilatation may be either focal or diffuse, and aneurysms are classified as either fusiform (longitudinal dimension > transverse dimension) or saccular (transverse dimension > longitudinal dimension) in morphology. It has been noted that about one-third of CAAs are associated with obstructive coronary artery disease and have been associated with myocardial infarction, arrhythmias, or sudden cardiac death. [4] More recently, with the increasing use of drug-eluting stents (DESs), there are growing reports signifying stents causing coronary aneurysms, months or even years after the intervention. [5] CAAs after coronary intervention are infrequent, with a reported incidence of 0.3%-6.0% and most aneurysms are in actual fact pseudoaneurysms rather than true aneurysms. [6] We present four cases of CAA from two centers, which were managed differently followed by a review of the literature regarding etiology, pathogenesis, and the management of this rare entity.
CASE 1
A 77-year-old woman with a known history of coronary artery disease, presented with unstable angina. Seven years previously, she underwent coronary angiography, which demonstrated severe, diffuse, three-vessel disease and she was turned down for surgery or percutaneous coronary intervention (PCI). She was managed medically and did well over the last few years until a recent presentation.
Repeat coronary angiography revealed severe left-sided disease, which was unamenable to PCI, although the occluded LAD artery had severe stenosis into a diagonal and a small LCx which was blocked. The RCA was excessively tortuous with aneurysmal dilatation and severely diseased [ Figure 1a ]. After informed consent, a decision for revascularization of the RCA with a DES was taken, and subsequently, a 3.5 mm × 30 mm and 3.0 mm × 15 mm Biofreedom stents (Biosensors International Group, Ltd.,) was deployed at 14 atmospheric pressure with good thrombolysis in myocardial infarction-III flow [ Figure 1b ].
The case was complicated by perforation distally induced by the guide wire which required a pericardial drain, but she made a good recovery eventually. She was discharged home on the 3 rd day on dual anti-platelet therapy (DAPT) along with a statin and a beta blocker. She was followed-up 6 months later and was doing very well and had no cardiac symptoms.
CASE 2
A 52-year-old male, with no significant medical history of note, presented with chest pain and ST elevation in the anterolateral leads on his electrocardiogram (ECG). An emergency coronary angiography demonstrated an acutely occluded LAD, after the origin of the first septal. He subsequently had a 3 mm × 38 mm Promus Element (Boston Scientific Corporation, Marlborough, MA, USA) DES deployed at 16 atmospheric pressure and a 4 mm × 9 mm Azule (Boston Scientific Corporation, Marlborough, MA, USA). A bare metal stent was deployed more proximally with a degree of overlap. The overlap and most part of the first stent was postdilated with a 4-mm noncompliant balloon to moderate pressures. There was an unexpected over-expansion in the distal aspect of the DES.
Optimal coherence tomography (OCT) showed a well-apposed stent. There was an ulcerated plaque [ Figure 2a , arrow], in the distal aspect of the DES, which resulted in a focal over-expansion of this segment of the stent, because of the lack of resistance in the arterial wall in that segment.
The patient was discharged home with aspirin for life and prasugrel for 1 year. A planned surveillance angiogram 9 months later revealed a focal aneurysm formation in the middle of the DES that was deployed in the mid LAD [ Figure 2b ]. We decided to manage him conservatively with DAPT long term.
A repeat surveillance angiogram 1 year later demonstrated that the aneurysm was much smaller in size and nearly sealed off [ Figure 2c ]. OCT confirmed the same findings. 
CASE 3
A 55-year-old Caucasian male presented with a history of exertional chest pain for few months. The exercise tolerance test demonstrated pathological ST depression in anterior leads, associated with chest pain at 5 min into the standard Bruce protocol. The patient was obese and diabetic and had a significant family history of premature coronary artery disease. His coronary angiography revealed severe stenoses in the proximal LAD and first diagonal. The LCx had severe disease in the mid vessel with poststenotic aneurysmal dilatation [ Figure 3 ]. The RCA was dominant and occluded in the mid vessel. A mini-multi-disciplinary team (MDT) discussion was held with regard to the revascularization options for him. His Syntax II score was 27, suggesting 4-year mortality of 4.6% with PCI compared to 2.6% with coronary artery bypass grafting (CABG). He was, therefore, referred for CABG.
CASE 4
A 67-year-old Caucasian male presented with chest pain and hypotension. He had a history of prior CABG (saphenous vein grafts to LAD, right and intermediate coronary arteries) as well as thoracic and abdominal aneurysm repair. There were no significant dynamic ECG changes and troponin T was elevated. A chest radiograph demonstrated a widened mediastinum. A transthoracic echocardiogram revealed a heterogeneous mediastinal mass and computed tomography confirmed this to be a mediastinal hematoma with active contrast leak from a proximal LAD aneurysm [ Figure 4a ].
Following a multi-disciplinary discussion, it was decided to perform percutaneous closure of the fistula between the proximal LAD aneurysm and the mediastinum. Coronary angiography revealed a patent saphenous vein graft to the LAD and a giant proximal LAD aneurysm with evidence of dissection and extravasation of contrast [ Figure 4b ].
The LMS was cannulated with a 4.0 Extra Back Up Launcher guide catheter (Medtronic, USA). In order to achieve hemodynamic stability, the LAD was temporarily occluded by inflation of a 3.0 mm × 12 mm Trek balloon (Abbott Vascular, USA) inserted on a balanced middle weight coronary guidewire (Abbott Vascular, USA) into the proximal LAD. The LAD was then thrombosed by deployment of 3 0.018" Tornado Embolization coils (Cook Medical, USA) proximal to the aneurysm neck through a MicroFerret microcatheter (Cook Medical, USA) achieving vessel closure [ Figure 4c ]. The patient made an excellent recovery and was discharged.
He was asymptomatic when reviewed at 6 months, and a gated cardiac computed tomography (CT) demonstrated the mediastinal mass had reduced in size and there was no longer active contrast extravasation.
DISCUSSION
There have been attempts, but with limited success, by the researchers and physicians, in defining abnormal dilatation of the coronary arteries, the dilemma being differentiating between aneurysm and ectasias. At present, CAA is defined as a localized, irreversible dilatation of the blood vessel lumen that exceeds the diameter of the adjacent normal segment by >1.5-fold. [1] On the contrary, ectasia is used to describe a diffuse dilatation of coronary arteries that involves ≥50% of the length of the artery; this classification is based on the appearance and number of vessels involved. [7] The classification of coronary artery dilatation, as described by Díaz-Zamudio et al., [8] is shown in Table 1 .
Atherosclerosis is accountable for >90% of CAAs in adults, whereas Kawasaki disease is responsible for the majority of cases in children. [8] In recent years, CAA have been described as a sequel of coronary angioplasty. This was first stated by Holmes et al. [9] following a balloon angioplasty. CAA have also been described after placement of DESs. [10] Table 2 lists the different etiologies which have been postulated for CAAs.
Pathophysiology
The pathophysiology of CAA still remains unclear but is perceived to be identical to that for aneurysms of larger vessels, with the destruction of arterial media, thinning of the arterial wall, increased wall stress, and progressive dilatation of the coronary artery segment. [11] The majority of CAAs, about 50%-52%, are considered to be arteriosclerotic in origin. In their study, Berkoff and Rowe [12] hypothesized the presence of a thin, degenerated media, adjacent to an intimal plaque as the major pathological prerequisite leading to plaque rupture and erosion of grumous material by the bloodstream. This excavated plaque then leads to aneurysm formation.
Matrix metalloproteinases (MMPs) have been shown to be involved in the pathogenesis of CAA formation by causing increased proteolysis of extracellular matrix proteins. [13] MMPs (1, 2, 3, 9, and 12) are known to be capable of degrading essentially all components of the arterial wall matrix (elastin, collagen, proteoglycans, laminin, and fibronectin) and are present at elevated concentrations in aneurysms, while decreased levels of tissue inhibitors of MMPs are present. The MMP-3 5A allele is linked with higher promoter activity for transcription of the gene, and this allele is more frequently seen in patients with CAA and atherosclerosis compared to patients with only coronary atherosclerosis. [14] Connective tissue disorders such as Marfan's syndrome can cause aneurysms without atherosclerosis. Marfan's syndrome is linked to mutations in the gene for fibrillin, and fibrillin is homologous with the family of latent transforming growth factor (TGF)-β binding proteins, which hold TGF-β in an inactive complex. [15, 16] CAA may complicate about 4% of coronary interventions. [17] The suggested pathogenesis of stent-related aneurysm formation is multifactorial. DES consists of immunosuppressants such as Sirolimus, which inhibits inflammation, or chemotherapeutic agents like paclitaxel, which is an anti-inflammatory agent as well as an inhibitor of cell proliferation. It has been proposed that, once the drug is eluted, the polymer in which the drug is embedded may evoke a hypersensitivity reaction and vasculitis which leads to weakening of the vessel wall and subsequent dilatation. [5] Table 3 describes a classification system for coronary aneurysm that forms after coronary intervention, as proposed by Aoki et al. [10] Rare Iatrogenic (e.g., PTCA, stents, atherectomy, angioplasty, laser angioplasty) 0.3-0.6 [6] PTCA: Percutaneous transluminal coronary angioplasty 
Clinical features
No clinical features are distinctive of CAAs. Chest pain, suggestive of stable angina, is the most frequent presentation in patients with coronary aneurysm. [18] Patients may present with ST-elevation myocardial infarction, [19] non-ST elevation myocardial infarction, [20] sudden cardiac death or complications such as thrombus formation, embolization, fistula formation, rupture, hemopericardium, tamponade, compression of surrounding structures, or congestive cardiac failure. [5, 21, 22] Clinical presentation of the giant coronary aneurysm may mimic aneurysms of ascending aorta or the pulmonary trunk, or other conditions such as cardiac tumors, pericardial tumors or thymomas. [5] Giant coronary aneurysms are linked to advanced age, the tendency for complications, including rupture and may present as mediastinal, intra-cardiac mass or superior vena cava syndrome in addition to symptoms suggestive of ischemia. [21] Diagnosis CAA can be diagnosed by noninvasive and invasive techniques, such as echocardiography, CT, magnetic resonance imaging (MRI), and coronary angiography.
Coronary angiography remains the gold standard tool as it provides information about the shape, size, location, and co-existing anomalies such as coronary artery disease, and is also useful for setting up the strategy of surgical resection. [23] However, it is invasive with associated risks, expensive, and the true size of the coronary aneurysms may be underestimated if they contain a substantial amount of thrombus. [24] Among noninvasive modalities, coronary CT is an alternative to invasive coronary angiography that can be suggested as a technique of choice for the follow-up of patients with CAAs because of improvements in terms of radiation dose with the current protocols. [25] However, this modality may have limitations in demonstrating clots or thrombus inside the vessel, in delineating the distal part of the coronary arteries, and in simulating a large coronary aneurysm as an inhomogenous mass because of the blood turbulence within it. [26] Coronary magnetic resonance angiography (MRA) is an another noninvasive technique for the diagnosis and assessment of CAAs, avoiding the large radiation dose associated with coronary CT. [21] However, coronary MRA has its limitations; it is not available in all medical centers, has inferior spatial resolution compared to coronary CTA, and does not show the characteristic linear peripheral calcifications of the CAA, which are essential for making the correct diagnosis. [27] Intravascular ultrasound (IVUS) has become the "gold standard" technique that produces transluminal images of the coronary arteries, including information on the composition of the lumen and the arterial wall structure. [28] IVUS is very helpful in differentiating true from false aneurysms caused by plaque rupture. [28] 
Management
All patients with angiographic evidence of coronary aneurysms should have their cardiac risk factors aggressively dealt with, whether or not they have obstructive coronary artery disease. The options for managing coronary aneurysms are still ill-defined and present a therapeutic challenge to interventional cardiologists. [29] There are no randomized trials to evaluate different management strategies and their outcomes. Most of the information, we have at present, is based on the anecdotal case reports and expert consensus.
The treatment of CAA consists of medical management, surgical resection, and stent placement; however, the appropriate treatment for CAAs depends on the precise clinical situation. The clinical decision-making process is further complicated by the fact that the complete resolution of these aneurysms has been noticed in some cases without any treatment, contrary to the possibility of rupture if the aneurysm is left untreated. In their study, Aoki et al. [10] proposed that the treatment of CAA be "individualized" using a combination of the size of the aneurysm, expansion history, pathophysiology, and symptoms to decide when and if to apply therapy alternatives.
We discussed four cases with CAA, which were managed differently -conventional stenting, conservative management, coil occlusion of the coronary artery, and CABG. All management strategies were undertaken according to individual anatomical and clinical information, with excellent outcomes achieved in all cases.
Medical management
The evidence suggests that asymptomatic small CAAs may not require any treatment, but the dilatation may get progressively worse, [30] increasing the risk of complications.
Medical therapy generally consists of attempts to prevent thrombo-embolic complications in patients with aneurysmal arteries who are at increased thrombotic risk through the administration of antiplatelets and [46] Type II Detected incidentally during angiography for recurrent symptoms or as part of protocol mandated follow-up ≥6 months after the procedure [47] Type III Mycotic or infectious in etiology [48] anticoagulant medications. [31] Aspirin is the preferred choice; and a second antiplatelet agent (such as clopidogrel, prasugrel, or ticagrelor) considered unless there is clinical contraindication. [32] Lima et al. reported two cases of left main CAA that were managed conservatively with warfarin and aspirin who remained well at 6 months follow-up. [33] Other studies have demonstrated angiographic thrombus resolution and outstanding clinical outcomes with the use of intravenous eptifibatide, heparin, and aspirin, and long-term DAPT on discharge. [34] There is evidence to suggest that excessive TGF-β [15] and metalloproteinase [5] may have some role in the development and progression of CAAs. Angiotensin II type-1 receptor antagonists, such as Losartan, can inhibit TGF-β. [35] Similarly, statins have been shown to inhibit the secretion of metalloproteinase-1, -2, -3, and -9 from macrophages and vascular smooth muscle cells. [36] Therefore, these drugs may be helpful in the treatment and prevention of progression of coronary aneurysms, though there have been no long-term randomized data available.
Percutaneous coronary intervention
Percutaneous intervention is a fairly new option with a markedly smaller data set. The described techniques include conventional stent implantation, coil embolization, autologous saphenous vein-covered stent grafting, and one case has been reported when DES implantation superimposed on a polytetrafluoroethylene (PTFE)-covered stent graft. [37] PTFE-covered stents have emerged as a new tool for the treatment of CAAs. [38] However, some multicenter randomized trials in comparing expanded PTFE-stent graft with bare metal stents have demonstrated that these stents do not improve clinical outcomes and may be linked to a higher incidence of restenosis and early thrombosis. [39] Szalat et al. [38] reported one of the largest retrospective studies comparing outcomes of patients treated with surgery (n = 18) or with PTFE-covered stents (n = 24). It was demonstrated that patients treated with stents were older (60.5 vs. 47.7 years old) and had smaller aneurysms (9.8 vs. 35.1 mm). No deaths were reported in either group. Only 5 of 24 patients who received stents were found to have restenosis on follow-up angiography and these patients tended to have aneurysms >10 mm in diameter.
Other authors have described successful treatment of CAA using coil embolization. Saccà et al. [40] reported a case of successful coil embolization and occlusion of CAA in the terminal LMS in a patient with prior coronary artery bypass graft surgery, including left internal mammary artery to LAD artery. The authors successfully deployed four Guglielmi detachable coils (Boston Scientific) into the aneurysm resulting in complete resolution of the aneurysm and a patent native left main at final angiography.
Surgery
Surgical management is appropriate in symptomatic patients who have obstructive coronary artery disease or evidence of embolization leading to myocardial ischemia and in patients with coronary aneurysm with a risk of rupture. [41] Various surgical strategies have been described including resection, aneurysm ligation, marsupialization with interposition graft, and coronary artery bypass surgery. The major bulk of experience regarding these strategies stem from atherosclerosis -induced CAAs. [41] In symptomatic patients unsuitable for PCI, surgical excision or ligation of CAA combined with bypass grafting of the affected coronary arteries is the preferred option. [42] Surgical approach is considered to be safer and more reliable for repair of a CAA/pseudoaneurysm. The indications for the surgical treatment of CAA in general are: • Severe coronary artery disease • CAAs near the bifurcation of large branches • Evidence of emboli from the aneurysm to the distal coronary bed resulting in myocardial ischemia • Progressive enlargement of a CAA documented by serial angiographic measurements; and • CAAs in the LMS • Complications such as fistula formation • Compression of cardiac chambers • Giant CAA (dilatation exceeding the reference vessel diameter by > four times). [43] Based on the current literature, our proposed management strategies are highlighted in Figure 5 . These are our own proposed strategies and are not endorsed by any of the American or European Cardiovascular Societies.
Prognosis
The prognosis of CAA depends on the size of the aneurysm. In general, small aneurysms have a favorable prognosis with a low risk of myocardial ischemic events and/or mortality. [44, 45] On the contrary, giant CAAs (i.e., those with an internal diameter >8 mm) have a high risk of morbidity and mortality. [19] About one-half of such aneurysms become obstructed, and are associated with myocardial infarction, arrhythmias, or sudden death.
CONCLUSIONS
CAA is an uncommon entity and is frequently found incidentally during coronary angiography. The majority of the coronary aneurysms are atherosclerotic in origin, but they can also be congenital or secondary to inflammatory or connective tissue disorders with a well-known association with Kawasaki disease. The precise pathogenesis leading to CAA formation remains unclear. Treatment may consist of surgical, percutaneous or medical interventions, but the optimal treatment for CAA still remains debatable. With the increase in coronary angiography and more widespread use of imaging modalities, like high resolution CT scans and MRI, the diagnosis of coronary aneurysms is likely to become more frequent, and we need to have evidence-based management strategies to deal with this uncommon but complex condition.
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